Deep drawing is a key manufacturing process for sheet metal products. The quality of the products and the efficiency of the drawing process depend on several parameters. Friction regimes encountered during deep drawing in particular are known to be extremely complex [1] and [2]. This is as a result of the inherent factors, such as the contact pressure, sliding velocity, surface roughness at sheet metal and tool interface, material properties of the tool and the blank, and the properties of the lubrication. Moreover, resistance to friction depends on texture anisotropy [3] and physicochemical factors acting on the contact surface and the dynamics of loads [4] . Previous studies show that friction at the microscopic level is due to adhesion between contacting asperities, the ploughing effect between asperities [5] and the appearance of hydrodynamic friction stresses [6] and [7] . Few regions of the draw piece with different stress and strain states, local sliding velocity, contact pressure and friction conditions exist.
INTRODUCTION
Deep drawing is a key manufacturing process for sheet metal products. The quality of the products and the efficiency of the drawing process depend on several parameters. Friction regimes encountered during deep drawing in particular are known to be extremely complex [1] and [2] . This is as a result of the inherent factors, such as the contact pressure, sliding velocity, surface roughness at sheet metal and tool interface, material properties of the tool and the blank, and the properties of the lubrication. Moreover, resistance to friction depends on texture anisotropy [3] and physicochemical factors acting on the contact surface and the dynamics of loads [4] . Previous studies show that friction at the microscopic level is due to adhesion between contacting asperities, the ploughing effect between asperities [5] and the appearance of hydrodynamic friction stresses [6] and [7] . Few regions of the draw piece with different stress and strain states, local sliding velocity, contact pressure and friction conditions exist.
General application of numerical simulations of sheet metal forming for proper functioning requires knowledge of suitable mathematical descriptions of friction behaviour. The finite element method (FEM) as a numerical analysis approach is currently widely used in sheet metal modelling and analysis. A description of the drawbead cannot generally be taken into account in the finite element simulation of sheet metal forming processes [8] and [9] . The small radii of the bead and the sharp corners of the die shoulders impose a certain meshing of the sheet passing the drawbead. At the same time, the role of the experimental approach remains essential [10] for developing numerical methods for the calculation of the friction coefficient and validating the results.
Performance of the forming process is secured by controlling the blank holder force, a straining force created by friction between the blank and the tools, which partially controls the material flow. This force cannot fully control the material flow, because it does not make a full contact with the entire blank. Fig. 1 illustrates the drawbead form in deep drawing and how it generates a stable tensile force opposite to the sheet drawing direction by introducing a series of local bending, straightening and reverse bending deformations on the sheet.
Fig. 1. Deformation of the sheet in drawbead region
This article presents the results of studies done on the two main problems: experimental research on frictional conditions of AA5251 aluminium alloys using a drawbead simulator friction test in accordance with the drawbead simulator (DBS) approach proposed by Nine [11] , and numerical simulations based on the results of the friction test.
MATERIALS AND METHODS

Materials
The first task conducted in this research was an experimental work in which four kinds of aluminium alloy sheets with different temper conditions were used. The sheets with temper H14 have a thickness of 0.8 mm while sheets with temper O, H16 and H22 have a thickness of 1 mm. The average sheet thickness varied between ±0.01 mm as a result of the tolerance of the sheet metal fabrication process. A tensile test in the universal testing machine was carried out to determine the mechanical properties of the sheets. The mechanical properties determined in this test (as given in Table 1 ) are yield stress R p0. 2 , ultimate strength R m , elongation A 50 , anisotropy coefficient r, strain-hardening coefficient C and strain-hardening exponent n. The samples for the tensile tests were cut in two directions: along the rolling direction (0°) and transverse to the rolling direction (90°). The mechanical properties of the sheets clearly show that the used aluminium alloy sheets have a wide range of R p0.2 values based on temper conditions.
Surface Characterization
The measurement of surface roughness parameters was carried out using the Alicona InfiniteFocus instrument. The main standard 3D parameters determined by this measurement (given in Table 2 ) are: the roughness average Sa, the root mean square roughness parameter Sq, the highest peak of the surface Sp, the maximum pit depth Sv, the surface skewness Ssk, the surface kurtosis Sku, the 10-point peak-valley surface roughness Sz, the density of summits Sds, the texture aspect ratio of the surface Str, the surface bearing index Sbi, the core fluid retention index Sci and the valley fluid retention index Svi. The surface topography of tested materials is also 
Drawbead Test
In the drawbead simulator test, the sheet metal was pulled to flow between three cylindrical rolls, each with a radius of 20 mm (Fig. 3) . The rolls have been quenched and tempered according to a minimum of 57 HRC. The quenching temperature was 990 °C, and the temper temperature was approximately 500 °C. The test material was cut along the rolling direction into 200 mm long and 20 mm wide strips. To realize various lubricated conditions, both rolls and sheet specimens were degreased by using acetone for dry friction conditions, and machine oil L-AN 46 of 44 mm²s -1 viscosity at 40 °C was used for lubricated conditions. The lubricant was applied in excess to the test strips so that the film thickness could be determined by the process. The sliding speed was set to 1 mm/s and various tribological conditions were obtained by using rolls with different surface roughness values (Ra = 0.32, 0.64 and 1.25 μm) measured along the generating line of the rolls. The rolls were made of cold-worked tool steel X165CrV12. The clearance between working rolls was adjusted and maintained at 1.5t (where t is the sheet thickness). The main purpose of this clearance is to prevent locking of the sheet between the rolls, especially for fixed rolls. The clearance value was estimated based on a trial-and-error method and experience. Taking the clearance into account, the total wrap angle around all rolls is about 310.48°, where the highest wrap angle is on the middle roll.
The pulling and clamping forces were controlled using load cells. To determine the coefficient of friction, carrying out two tests with two samples was found to be necessary. One specimen was pulled between cylindrical rolls supported by bearings, and then the measured pulling force (denoted as D roll ) and the clamping force (C roll ) gave the bending and unbending resistance of the sheet under "frictionless" conditions, respectively.
The sheet is displaced between the rotating rolls so that the friction between the sheet and rolls is minimized while the second specimen is pulled between the fixed rolls. Friction opposes the sliding of the sheet over the fixed rolls. The combined loads required to slide and to bend/unbend the sheet with the fixed rolls are then given by the measured pulling force (D fix ) and the clamping force (C fix ).
When the wrap angle of middle rolls is 180°, the coefficient of friction is calculated according to the following expression [11] :
where D fix is the pulling force obtained with the fixed rolls, D roll is the pulling force obtained with the freely rotating rolls, and C fix is the normal force or clamping force obtained with the fixed beads. It has been argued in a previous study [12] that the wrap angle corresponding to the actual engagement of the strip with the roller or bead was not taken into account in the derivation done by Nine [11] . Further, Green [13] states that the tangent-to-tangent bead wrap assumption becomes approximately valid only at extremely deep penetrations. This supports the argument that the validity of the equation derived by Nine [11] is limited to deep penetrations.
When the wrap angle is not equal to 180° the friction coefficient is calculated from [14] :
where θ is the quarter contact angle of actual engagement of the strip over the bead, and a value of θ = π/2 confirms a full penetration.
NUMERICAL MODELLING
The simulation of the drawbead simulator test was conducted using MSC.Marc + MENTAT 2010 software. Both dry friction and oil-lubricated contacts were considered. The rolls were defined as rigid surfaces. While conducting the modelling, the aluminium sheet metal (AA5251 H14) was initially placed in a horizontal position and held by a frictionless device (Fig. 4a) . At the initial stage, the middle roll was moved down to bend the sheet metal while the leading end of the sheet metal was fixed. The middle roll was allowed to travel through the distance at which the centres of curvature for both front and back rolls and the middle roll were at the same height (Fig. 4b) . A displacement of 40 mm was then applied to one end of the sample when the required wrap angle was obtained. The numerical analyses were performed for the AA 5251 H14 sheet tested in the following conditions: sample orientation 90°, Ra of rolls 0.63 μm, lubrication conditions. The finite element model of the blank consists of 3600 quad4 shell elements with five integration points through the shell thickness, which are necessary for an acceptable solution [10] . The assumed strain formulation was applied to improve the bending characteristics of the elements. This can substantially improve the accuracy of the solution in terms of the computational costs of assembling the stiffness matrix. An elasto-plastic material model approach was implemented, and three material models have been simulated. In the first material model, the plastic behaviour of the metal was described by the von Mises yield criterion [15] . In the second model, the anisotropy of the material was established using the Hill yield criterion [16] . The Hill formulation is the most frequently used yield function in many research papers on steel sheet metal forming and can be regarded as an extension of the isotropic von Mises function. As reported by Cazacu and Barlat [17] , the Hill formulation can also be applied for the material description of aluminium alloys. The material behaviour for this second formulation is specified using the following properties: Young's modulus: E = 70000 MPa, Poisson's ratio ν = 0.33 and mass density r = 2690 kg·m -3 . The isotropic hardening behaviour uses the Hollomon power-type law by which the parameters C and n (given in Table 1 ) are fitted on a stress-strain curve of the tensile test.
In the third model, the Barlat yield function has been applied [18] . In the case of anisotropy material models, both 0° and 90° sample orientations have been examined. The balanced biaxial yield stress σ b necessary to define Barlat material model was measured in a bulge test and a value of 278 MPa was obtained. Simulations of friction tests were performed for rolls with surface roughness values of Ra = 1.25 µm in dry friction conditions. To describe contact conditions, the Coulomb friction law was applied (as described in an earlier publication by the same authors [19] ).
DISCUSSION OF EXPERIMENTAL RESULTS
Friction Coefficient Value
In the friction tests, two sets of values for clamping and pulling forces determined for fixed and freely rotating rolls under dry friction and lubricated conditions were received. The average value of friction coefficient was determined from Eq. (1) after rejecting initial transient scope of load forces (Fig. 5) . he average values of the coefficient of friction determined in dry friction μ dry and in lubricated conditions μ oil are given in Table 3 . Upon analysis of the friction test results, the expected relationships are observed. That means values of the friction coefficient in dry friction conditions are higher than those in lubrication conditions. The application of machine oil reduces the value of friction coefficient, but its intensity depends on the surface roughness of the rolls. This impact is not strongly evident and will be discussed in detail later in the article. 
Fig. 6. Friction coefficient value vs. surface roughness [Ra] of rolls for a) AA5251 O, b) AA5251 H24
As the value of the Ra parameter of the rolls increases, the friction coefficient decreases for both dry friction and lubricated conditions (Fig. 6) . The above-mentioned relations are valid for both sample orientations and for all tested materials. For all considered friction conditions, the friction coefficient values for samples cut across the rolling direction of the sheet are higher than for samples cut parallel to the rolling direction. The tested sheets exhibit directional surface topography caused by the manufacturing process of the sheets (rolling). The values of the 2D amplitude roughness parameters measured parallel to the rolling direction are lower than those measured in the transverse direction to the rolling direction. Furthermore, rolling causes directional orientation of the material grains parallel to the rolling direction, which is the source of anisotropy. In that case, the evolution of the surface topography during the sheet passing the draw bead is different for both sample orientations.
Sheet Roughness
The plot of the friction coefficient versus Sa parameter for the sheet AA5251 H22 is given in Fig. 7 . It is observed in this plot that a local minimum of friction coefficient value at Sa = 0.322 μm exists. he above-mentioned relation is observed for all applied friction conditions, sample orientations and surface roughness of rolls, supports the conclusion that favourable conditions of friction reduction exist for this sheet.
Shih et al. [20] reported that roughening of asperities observed during stretching of the deformed material tends to decrease the real area of contact, resulting in a lower coefficient of friction. The continued increment of the value of friction coefficient for the sheet in this study (AA5251 H14) at Sa = 0.34 μm may be explained by the fact that (in spite of increasing surface roughness) the lubrication is unable to overcome the dominated metallic contact between the roughness asperities of contact bodies as the larger space contains the lubricant.
Studies show that surface textures act either as micro-traps for capturing wear debris or as microreservoirs that enhance lubrication [21] . In the case of steel sheets [10] and [22] , it is observed that higher Ra parameter value tends to produce lower friction, or this tendency is observed up to a certain Ra value and the value of friction coefficient increases. The roughness acts to separate the surfaces, isolating the areas of direct metallic contact. The larger the amplitude of the roughness, the less the area of contact grows for a given amount of sliding deformation. By limiting the area of direct contact during sliding, the adhesion and deformation components of friction are reduced and the valleys act to trap wear debris, reducing the amount of body wearing [22] . However, Al and Al alloys are relatively soft, and a mechanically mixed layer of ultrafine particles is formed due to deformation [23] . Thus, high Ra values can hardly produce wear debris that act as abrasive particles.
For all rollers used in the test, the relation between the Sa parameter and the friction coefficient value is similar. The friction coefficient value has the tendency to decrease with increases of the value of Sa parameters that represent different materials. Taking all of the obtained results into account, the relation between the value of Sa parameter and friction coefficient (Fig. 7) is found to be opposite to that reported in previous researches [10] .
Effect of Lubrication
In order to reduce friction and minimize sheet failure, lubricants are typically applied to portions of the workpiece that undergo severe contact with dies. When lubricant is applied, the frictional resistance of the sheet material decreases and its strain uniformity increases. This means that the application of any lubricant should result in a reduction of the value of the friction coefficient.
Comparison of the values of the friction coefficient determined in dry friction and lubricated conditions demonstrate nearly linear relations (Fig. 9) . This is particularly evident in the case of the sample orientation at 0° (Fig. 9a) .
The inclination angle of the trend line for sample orientation 0° and 90° are 42.32° and 45.99° respectively. When the sample has a 0° orientation, a higher value of the friction coefficient in dry conditions is obtained, implying the higher effectiveness of lubrication. The relation for the sample orientation at 90° (Fig. 9b) is the reverse. .
Lubricant Effectiveness
It is evident that rough surfaces enable lubricant adhesion to the sheet material. This effect appears to be due to the manner in which the lubricant is captured by rough areas on the surface of the sheet. To examine the effectiveness of the sheet lubrication, the L-index was introduced, defined as follows:
As shown in Fig. 10 , the L-index value has a nonlinear relation with the value of roughness parameter Ra of rolls. In the case of a sample orientation at 0°, the value of the L-index initially decreases and then shows an increasing tendency. For sample orientation at 90°, however, a continuous increasing trend of the L-index value is observed. The range of L-index value for the samples oriented at 0° is higher (0.19 to 0.275) than for the samples oriented at 90° (0.132 to 0.245); therefore, in the case of the samples cut parallel to the rolling direction, lubricant highly reduced the friction coefficient value. There is no evident relation between the temper conditions of the sheet and L-index value, but for both orientations the sheet H22 exhibits the highest friction reduction. In all cases, the value of L-index is the highest for Ra = 1.25 μm. As stated previously, in the case of higher surface roughness of contact bodies, a high volume of lubricant may be trapped in surface pits and, consequently, the effectiveness of lubrication is higher. 
DISCUSSION OF NUMERICAL RESULTS
The numerical simulations include Hill's and Barlat's materials, and they were performed for both 0° (designated as Hill 0°, Barlat 0°) and 90° (designated as Hill 90°, Barlat 90°) sample orientations with respect to the rolling direction. The results show that the distributions of effective strain for different yield criteria during full penetration have been varying considerably (Fig. 11) . Maximal values of effective strains for Hill 0° are higher than the values for sample cut transverse to the rolling direction by about 0.002. A similar relationship exists for Barlat's material model. Furthermore, the points of occurrence of maximal effective strains depend on the considered material model.
The distributions of normal stress and shear stress in the transverse section after drawing a distance of 20 mm are shown in Fig. 12 . The results in these plots show that the maximal values of the normal stress and shear stress for all material yield functions are at the edge of the sample. The values of Barlat's material model regarding both orientations are the closest to the isotropic model. The local minimum at the middle, i.e. section 0-A', is related with deformation of the sheets during bending over the rounded bead. It causes local contact of the sheet with the roll surface and thus the values of friction forces along the sample width are not constant. In the case of the Hill yield model at 0° and 90° orientation (Hill 0° and Hill 90°, respectively), the distribution of normal stress on the width of the sample is more uniform.
The distribution of stresses for both analysed orientations is similar, but the sample orientation influences the value of stresses. The values of shear stress for Hill's yield functions are considerably lower than other models and are more uniform, especially in the middle part of the analysed width of the sample. The dominant factors in determining both restraint force and blank thinning of dual-phase steel are bead penetration, flow stress and strain hardening [24] . In contrast, the effects of anisotropy and strip drawing direction with respect to the rolling direction are found to be relatively less influential. he distributions of normal stress in longitudinal section after drawing a distance of 20 mm are shown in Fig. 13 . The sequence of bending, unbending and reverse bending of the sheet material is clearly manifested by the cyclic normal stress observed on the longitudinal section of the drawbead region. The highest values of normal stress exist in the region of the middle roll -sheet contact (C-D) located on the side in accordance with the direction of sample pulling. The second peak of stress exists in the region of back roll, between C'-B' points. The change of stress value from positive to negative is related with bending and unbending of the sheet. On the sample length within the drawbead, places exist where the normal stress equals zero. In addition to the comparative average values of friction test forces, the average value of the friction coefficient at the same stage and the error of numerically determined friction coefficient in relation to the experimental values are tabulated in Table 4 . The results of the variation of numerically determined test force D fix both at first and second stages (Fig. 14) show that all the numerical models over-predicted the value of the friction coefficient. The prediction errors of the friction coefficient for numerical models based on isotropic, Barlat's and Hill's material models are calculated to be 4.08, 2.04 and 3.57%, respectively.
Furthermore, the value of average forces for the numerical model for Barlat's material model is the closest to the experimental one. For the rest of the FEM models (i.e., isotropic and Hill's material models), the average values of all test forces are proportionally smaller. As a result of this proportional decreasing tendency of the values of D fix , D roll and C fix , the value of friction coefficient does not diverge considerably from the experimental value (Fig. 15) . 
CONCLUSIONS
The material presented in this article is based on studies conducted using two main research approaches: experimental testing and numerical simulation. Numerical simulations are based on the aforementioned friction test using material model that is described by isotropic and anisotropic yield criteria.
The main results of the research can be summarized as follows: 1. Application of machine oil reduces the value of friction coefficient, but its intensity depends on the surface roughness of rolls. 2. For all applied friction conditions, the values of the friction coefficient for samples cut across the rolling direction of the sheet were higher than for samples cut in the rolling direction. 3. It has been found that the proposed L-index value has a non-linear relation with the value of the roughness parameter. For the sample orientation at 0°, the L-index value initially decreases and then continues to increase, while a continuous increase of the value is observed for the sample orientation at 90°. 4. The value of friction coefficient for both dry friction and lubrication conditions decreases as the surface roughness (Ra parameter) of the rolls increases. 5. Sample orientation has a clear effect on the values of the friction coefficient and effectiveness of lubrication. When the sample is oriented at 0°, higher value of friction coefficient is obtained in dry conditions implying that the effectiveness of lubrication is higher. For a sample orientation at 90°, the relation is the reverse. 6. The yield criterion has a strong influence on the distribution of normal and shear stresses, but the results for the sample orientation at both 0° and 90° are quite similar. 7. The value of the normal stress on the width of the sheet varies. This requires sensitivity analysis of the effect of sample width on the sheet deformation in drawbead simulator friction test. In order to obtain representative results of numerical simulations of the Nine friction test, conducting a simulation of a 3D model of the drawbead is necessary. 8. In general, the results demonstrate that there is an agreeable harmony between the experimental and numerical models (FEM). The study on the friction coefficient shows prediction errors of less than 5%, and among the selected yield criteria,
Barlat's material model has the best prediction with an error of about 2%. 
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